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Abstract. Pulsed laser deposition (PLD) has been employed to fabricate FePt L10
thin ﬁlms from elemental targets. Dramatic structure variations have been obtained
by varying the laser frequency while keeping the thickness of the ﬁlms constant. A new
theoretical model based on the mean ﬁeld approach is proposed, which quantitatively
describes the structural changes obtained experimentally. The experiment and the
model exhibit the opposite growth development to the trend reported for the modulated
ﬂux in the literature. The new model considers diﬀerent growth rates in lateral and
transverse directions due to diﬀerent responses of the normal and tangential ﬁlm
surfaces being deposited to the incident ﬂux and the migration kinetics of adatoms
and clusters. The quantitative results obtained conﬁrm that the migration kinetics
and self-assembly can easily be controlled by the PLD frequency which is consistent
with the experiments. Magnetic properties of the ﬁlms are shown to be extremely
sensitive to the structure variations allowing practical tunability.

PACS numbers: 81.15.-z, 68.55.-a, 75.70.-i, 75.50.Vv
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1. Introduction
A high degree of control is required for technology dealing with island-structured ﬁlm
fabrication to obtain desired properties and structures for ﬁlm’s optimal performance
in applications. In physical vapour deposition (PVD) methods, to achieve a desired
island structure, one conventionally manipulates with many parameters, including
temperature, ﬂux of material, resultant ﬁlm thickness [1, 2, 3] and deposition pulse
frequency [4, 5, 6, 7] (in case of pulsed laser deposition). However, most of these
parameters are interdependent, and their adjustment is not so straightforward (e.g.
temperature, ﬂux, thickness). In addition, the frequency in pulsed-based depositions
inﬂuences the ﬁlm structure in many diﬀerent ways, whose mechanisms can be
controversial and not always obeying available explanations [4, 5, 6, 7].
Most often, PVD FePt thin ﬁlms are fabricated by magnetron sputtering. Its
low growth rate and equiatomic ablation lead to superlattice formation with more
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equilibrium conditions than, for example, more rapid growth and diﬀerent material
delivery conditions of pulse laser deposition (PLD). However, magnetron sputtering may
be considered as less technologically ﬂexible for the growth control due to continuous
material ﬂux delivery and less practically viable due to lower ﬁlm growth rates than
PLD. The features of the advanced kinetics typical for PLD ﬁlm growths, beneﬁting from
high and chopped (pulsed) ﬂux of ablated materials, have been well explored [4, 5, 6, 7].
It has been shown that unlike chemical synthesis, the growth upon PLD process can
be manipulated for both in-plane and out-of-plane directions nearly independently.
However, the beneﬁts of the predicted PLD growth have not been extensively employed
for manufacturing of FePt ﬁlms [8], most likely due to the expectations of obtaining
poor ﬁlm properties in comparatively low vacuum of typical PLD systems, as oppose to
the high vacuum necessary for deposition of high purity (quality) metallic ﬁlms.
The FePt PVD thin ﬁlms with the f ct crystal structure are promising candidates
for various magnetic applications. The high magnetic anisotropy (Ku ∼ 7 × 106 J/m3 )
and high coercivity enable the size reduction of the thermally stable particles (or grains)
down to a couple of nanometres [9, 10, 11]. Together with out-of-plane orientation of the
easy magnetization axis and high corrosion resistance, these properties make FePt ﬁlms
with the desirable candidate for the perpendicular magnetic recording media with the
recording density exceeding 1 TBit/in2 [12]. On the other hand, a very high coercivity
(exceeding 10 T) [1] and the corresponding high magnetic energy product open up
new possibilities for the applications of FePt, such as microelectromechanical systems
(MEMS) [13], ultra strong permanent magnets [11], or ferromagnetic-superconducting
heterostructures [14].
In particular, smallest possible island size is required in recording media technology
for high recording density [9, 15], in MEMS and permanent magnets for the highest
coercive ﬁeld possible [1, 2]. In ferromagnetic-superconducting combinations certain
FePt structures are desirable for optimal magnetic ﬁeld compensation eﬀect[14] (in
somewhat similar fashion as soft ferromagnets can extend the range of Meissner eﬀect
in superconductors [16] and enhance their current carrying ability [17]).
Thickness reduction has been shown to be a common approach leading to small sized
islands in PVD thin ﬁlms [1, 2, 3]. However, excessive thickness reduction diminishes
the read-back signal of recording media that should remain suﬃciently high. On the
other hand, the thickness decrease reduces the magnetic energy product of permanent
magnets which is as crucial as high coercivity for these applications.
In this work, we demonstrate the advantages of pulsed laser deposition technique in
tuning desirable structures and properties of the FePt epitaxial ﬁlms, compared to other
PVD systems. It can eﬀectively be achieved by a simple control of PLD parameters for
this binary compound, compared to a more complicated multielement compositions [18].
We propose and experimentally conﬁrm the new behaviour of thin ﬁlm growth kinetics,
which can be easily tuned by laser frequency. This approach is likely to be suitable also
for a range of similar materials requiring accurate growth control and particular surface
architecture.
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2. PLD of FePt thin ﬁlms
For magnetic recording purposes, it is preferred to grow FePt thin ﬁlms on glass wafers
[9]. However, for the epitaxial growth of the f ct FePt ﬁlms, it is better to use cubic
(001) MgO or SrTiO3 (STO) single crystal substrates. Usually, MgO is used because
the lattice mismatch between the MgO and FePt crystal structures is larger than that
between STO and FePt, which leads to enhanced tensions at the interfaces [19]. The
enhanced tensions provide a smaller size of islands during the PLD deposition and
a better chemical ordering in the f ct structure. However, we have employed STO
substrates to ensure the reproducibility of the experiments, which cannot be guaranteed
in MgO single crystals due to their ageing which requires additional treatment, such as
cleaning by ion etching, before the deposition. Thus, the superior properties obtained in
our FePt ﬁlms can be further improved by using MgO substrates if high quality surface
properties can be ensured.
In this work, the same PLD system used to grow high quality YBa2 Cu3 O7 thin
ﬁlms and multilayers has been employed [20]. However, for the FePt ﬁlm deposition,
the base pressure in the PLD chamber was typically held at ≤ 10−8 Torr. The pulsed
laser deposition of the ﬁlms has been carried out with the substrate temperature held
at 800◦ C, so that the vacuum deteriorated down to 10−7 − 10−6 Torr due to thermal
desorption from heater. The deposition temperature was chosen to ensure that the L10
structure of the FePt alloy forming at 500◦ C [21, 22, 23] is complete [2, 8, 13, 19, 24].
The deposition process has been followed by annealing at the same temperature for half
an hour.
The deposition was performed with KrF excimer laser (the wave-length of 248 nm)
by alternating elemental 4N purity Fe and Pt targets. The laser ﬂuency was kept
at ∼ 3 − 4 J/cm2 , but taking into account optical path losses and laser beam
homogenization, the ﬂuency of ∼ 2 J/cm2 is more realistic estimation. To facilitate
nearly equiatomic composition in the FePt epitaxial superlattices (see, for example,
[25, 26]), the number of laser shots on the targets per one deposition period was 34
for Fe and 18 for Pt (taking into account diﬀerent ablation [27, 28] and reevaporation
properties for Fe and Pt) with 12 periods in total. The composition of the ﬁlms was
veriﬁed by Energy Dispersive X-Ray Spectroscopy over the ﬁlm surfaces. The deposition
frequency was varied from 1 Hz to 6 Hz, so that the resultant thickness of the ﬁlms was
approximately 20 nm. The programmable target carousel in the PLD chamber was used
to facilitate the non-interrupting deposition process.
3. Tuning surface architecture
Figs. 1 and 2 show respectively SEM and AFM images of the typical surface structures
in the FePt thin ﬁlms deposited at diﬀerent laser frequencies. Generally, these structures
are typical for the Volmer-Weber 3D island growth mode of metals on insulators [6, 29].
It is this growth mode which is dealt with in this work, unless speciﬁed otherwise.
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Figure 1. The surfaces of the FePt ﬁlms deposited at 1 Hz (a), 2 Hz (b), and 6 Hz
(c) obtained by scanning electron microscopy (SEM).

The epitaxial growth within the islands can be identiﬁed (i) in Figs. 1(b,c) from a
clear rectangular shape translated from the substrate crystal lattice and characteristic
orientations of some (in particularly smaller) islands along the crystallographic axes;
and (ii) by the square-like shape of the hysteresis loops with strong coercive forces for
2 Hz and 6 Hz deposition frequencies for the out-of-plane magnetization measurements
(Fig. 3), and narrow hysteresis with weak coercive ﬁelds and remanent magnetisation
for the in-plane magnetisation measurements (not shown). This indicates high magnetic
anisotropy typical for highly ordered fct FePt with the out-of-plane easy magnetisation
axis [22].
According to the terminology established in Refs. [6, 7], the FePt ﬁlm deposited at
1 Hz has undergone the percolation transition resulting from heavily amalgamating
islands (ﬁlling holes in the ﬁlm). On the other hand [Figure 1(c)], the ﬁlms
deposited at 6 Hz exhibit well-deﬁned rectangular (if not square) island architecture
with rather narrow size (∼ 50 nm to 100 nm) and shape distributions. The 2 Hz
ﬁlm [Figure 1(b)]demonstrates an intermediate case with a certain degree of islands
coalescence and elongation (from ∼ 50 nm to 300 nm), but no percolation. The island
growth, coalescence, elongation, percolation and hole-ﬁlling are usual stages during the
ﬁlm growth process, which occur one after another as the thickness increases and more
material is deposited on the substrate. The thickness of the ﬁlm, at which any mentioned
transition occurs, depends on the temperature of the substrate and the ﬂux of the
ablated material.
Note, this is the ﬁrst time when all these growth stages are observed at the
same temperature, ﬂux and thickness by changing only the laser frequency (with the
laser pulse duration kept constant). Moreover, our results conﬁrming our theoretical
prediction are at odds with existing results [4, 5, 6, 7]. Obviously, this new rather
simple control of the architecture in the PLD FePt ﬁlms should provide not only
their eﬀective properties manipulation and tuning, but also technological advantages for
practical applications with faster and more versatile depositions compared to magnetron
sputtering or other deposition parameter control (such as temperature, vacuum, etc).
Moreover, it is likely to be applicable for other similar type of ﬁlms and applications.
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Figure 2. The surfaces of the FePt ﬁlms deposited at 2 Hz (a) and 6 Hz (b) obtained
by atomic force microscopy.

In Figure 2, the surface morphologies obtained by atomic force microscopy (AFM)
of the ﬁlms deposited at 2 Hz and 6 Hz are shown. Although the main ﬁlm features
observed with SEM and AFM are very similar, ﬁner details appear to be diﬀerent
in these techniques. While AFM reveals some features (< 20 nm) on the top of the
islands (sub-island structure or droplets ablated from the target) which are best visible
in Figure 2(a), these features are not observed by SEM at the resolution used. On the
other hand, SEM shows some tiny islands of < 10 nm (or even clusters) in the channels
between the major islands [best visible in Figure 1(b)], whereas these ﬁne islands are
unreachable for the AFM tip.
The studies of the early stages of the PLD growth have shown [4, 5] that the
deposition process can be divided into three regimes, depending on the lifetime of
adatoms (τ ), the laser pulse duration (τp ), and the PLD period (1/f ). We are interested
in the intermediate regime, i.e. τp < τ < 1/f , because our deposition satisﬁes this
criterion. Indeed, we take our f = 1 Hz to 10 Hz and τp ∼ 10 ns (for our eximer laser).
While we can estimate τ from the assumption that in our process, with the substrate
is heated to 800◦ C during the deposition, the lifetime of adatoms is mostly driven by
strong re-evaporation (rather than diﬀusion) with the time scale given by [29]


Ea
−1
τe ∼ ν exp
(1)
kTsub
where Ea is the re-evaporation energy (a typical value is ∼ 1.6 eV) [30]), k is the
Boltzmann constant, Tsub is the substrate temperature, and ν is the adatom reevaporation attempt frequency with a typical value being of ∼ 1011 − 1013 Hz [29].
It gives as τe ∼ 0.005 sec, which falls within the limits of the regime considered. In this
regime, the density of the islands has been shown [4, 5] to vary by f with the assumption
that the product τp f remains constant. In this case, the density would decrease if f
increases due to smaller amount of material ablated (as τp would decrease). This is valid
at the beginning of the island nucleation, before the 15% coverage of the ﬁlm surface is
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Figure 3. Hysteresis loops of the FePt ﬁlms deposited at diﬀerent frequencies with a
ﬁeld applied perpendicular to the surface of the ﬁlms. The inset shows hysteresis loop
of the ﬁlm deposited at 1 Hz.

reached and no signiﬁcant impingement between islands occurs. In contrast, τp is not
varied in our work. This would mean that the island concentration should not depend
on f , whereas we observe a strong dependence on the PLD frequency.
The later stages of the PLD ﬁlm growth are studied and modelled in Refs. [6, 7, 31]
with the main processes being impingement, coalescence and elongation of the islands.
The elongation transition is triggered as soon as the coalescence time scale τ ∼ R4
(where R is the radius of the island) becomes larger than the impingement time scale
[6, 29, 31]. The latter is proportional to the lateral growth time scale of 3D growing
islands. Therefore, if we still consider an increasing f , we should expect a decreasing
time for impingements, which in turn (remembering that the number of the islands does
not increase) leads to the elongation (increased size of the islands) and eventually to
the percolation. We can see some general conﬁrmation of this trend in Figs. 1 and 2.
The larger islands in Figs. 1(b) and 2(a) are elongated whereas the smaller islands in
Figs. 1(c) and 2(b) are separated and tend to coalesce. However, this trend observed
has a major diﬀerence to the model described above. The density of the islands rises
with the increasing frequency. Note, it is not a thermodynamically driven dependence
since the deposition temperature and the annealing time have been kept identical for
all the ﬁlms.
Thus, we observe that the size of the islands is of the same order for diﬀerent
ﬁlms, but distinctly larger for the ﬁlm deposited at 2 Hz than for the ﬁlm deposited at
6 Hz (Figs. 1 and 2). Taking into account these observations, we propose the following
scenario with the central assumption being that the laser frequency aﬀects the ratio of
the out-of-plane to in-plane growth. At lower frequencies, if substrate surface coverage
is signiﬁcant (Fig. 5(c-f)), the islands tend to grow preferably in-plane, eventually
experiencing impingements; whereas at higher frequencies they prefer to grow out-ofplane, remaining separated. In this scenario, the thickness would obviously be sensitive
to the ratio changes, which is shown to be a critical factor in the ﬁlm growth transitions
[2].
The properties of our FePt ﬁlms appear to be easily tailored via their strong
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Figure 4. Swithching ﬁeld distribution of the FePt ﬁlms deposited at diﬀerent
frequencies.

dependence on the structure, which in turn can readily be controlled by varying the
PLD frequency. Indeed, the ﬁlm deposited at 1 Hz consists of the large interconnected
percolative islands [Figure 1(a)] and demonstrates a narrow hysteresis loop with a small
coercive ﬁeld of ∼ 0.1 T (Figure 3), which is determined by the quasi-continuous
surface structure. It creates negligible pinning for magnetic domain walls, which are
rather freely move through the quasi-continuous ﬁlm structure. The ﬁlms deposited
at higher frequencies exhibit qualitatively diﬀerent surface patterns [Figure 1(b,c)]
and correspondingly dramatic diﬀerence in the magnetic behaviour with very large
coercive ﬁelds (Figure 3). The hysteresis loops measured in the magnetic ﬁeld applied
perpendicular to the surface of the ﬁlms are typical for highly ordered fct-FePt island
structures with the easy magnetization axis being out-of-plane of the ﬁlms. The
hysteresis loops in Figure 3 for the ﬁlms deposited at f > 1 Hz reveal a step-like feature
around zero applied ﬁeld. These steps were shown to be the soft magnetic contribution
from poor chemical ordering [1] or/and as a result of pure Fe droplets incorporated in the
ﬁlms, which can be a by-product of the PLD process [13]. The 2 Hz ﬁlm shows a much
smaller step compared to the 6 Hz ﬁlm probably due to the diﬀerences in the growth
kinetics producing larger islands and more likely forming more ordered structure and
composition across the 2 Hz ﬁlm. Droplets of any kind have not been observed in our
ﬁlms by SEM. In general, there are several technological ways of removing these steps,
such as the increase of the deposition temperature, annealing time, or laser energy. To
emphasise the inﬂuence of the ﬁlm structure on physical properties, we have obtained
the so-called switching ﬁeld distribution (SFD) for both ﬁlms[32, 33]. The switching ﬁeld
distribution (Figure 4) shows how the relevant structures (islands or domains of a ﬁlm)
reverses the direction of its magnetization. At the coercive ﬁeld (∼ 4.6 T) both ﬁlms
demonstrate strong dipolar interactions between islands. However, these interactions
are by a factor of two smaller for the 6 Hz ﬁlm than that for the 2 Hz ﬁlm. A lower
level of the interactions between the islands indicates that the structure obtained at
6 Hz is much more suitable for applications than the one obtained at 2 Hz. It also again
emphasizes the ease of the tunability of magnetic properties which can be achieved by
varying the deposition frequency.
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4. Quantitative growth model
To check the scenario described above, we have employed the mean ﬁeld theory [5, 29].
Considering typical island geometry being rectangular at a stage with relatively high ﬁlm
coverage, we can divide all the surface of interest into three zones: (i) top of the islands,
(ii) side of the islands, and (iii) the bare substrate between the islands. At this stage,
we turn on our model deposition neglecting an opportunity for new island formation
(restricting the largest possible cluster size by n atoms), in particular taking into account
the high deposition temperature facilitating high mobility of even large clusters [34, 35].
The main diﬀerence between these zones is determined by the deposition vector and the
adatom/cluster absorption. Obviously, the sides of the islands (parallel to the deposition
vector) obtain much less material for growth than the top of the islands. Hence, for the
islands to grow in-plane adatoms/clusters should migrate from the top of the islands
and from the substrate. In this case, the islands would have diﬀerent rate of absorption
for incoming material, whereas the mechanism of absorption is less important.
We can derive growth rate equations which depend on the densities of the adatoms
(ρ1 ) and clusters (ρj ) on the top of the island as follows.
n
n

dρ1
ρ1 
2/3
=F −F
iρi Ω −
−
(D1 + Di ) ρ1 ρi −
dt
τe
i=1
i=1

−

D 1 ρ1
D1side ρside
1
+
2
L2
Ld

(2)

dρj
1
= F (j − 1) ρj−1 Ω2/3 +
(Di + Dj−1 ) ρi ρj−i −
dt
2 i=1
j−1

−

n

i=1

(Di + Dj ) ρi ρj −

Djside ρside
Dj ρj
j
+
2
2
L
Ld

where the diﬀusion coeﬃcient of a cluster with i atoms is


Ed
−α
2
Di = i νa exp −
kTsub

(3)

(4)

with α = 1.5 to 1.75 for clusters on an island and α = 1.3 for the clusters on a substrate
[34, 35]). In these equations, F is the ﬂux of adatoms per pulse, Ω is the atomic volume,
ρi is the number of clusters with i atoms per unit area, n is the critical size of mobile
cluster (clusters with more than n atoms are adsorbed by islands), L is the lateral size
of an island, and df is the thickness of the ﬁlm (the height of an island), a - lattice
parameter.
In the ﬁrst term of Equation (2), we presume that all other adatom contributions are
negligible compared to the incident ﬂux. The second term represents the loss of adatoms
by direct incident ﬂux and their insertion into diﬀerent size clusters. These adatoms
(partially) re-emerge in size j clusters after direct impingement with (j − 1) clusters in
the ﬁrst term of Equation (3) (and the second term in Equation 6). The third term in
Equation (2) takes into account the evaporation of adatoms. The fourth term represents

J. Phys. D: Appl. Phys. 46 (2013) 215502 (8pp)

9

the loss of adatoms by coalescence with other clusters, which is similar to the third
term in Equation (3) for clusters rather than adatoms. The ﬁfth term in Equation (2)
and the forth term in Equation (3) are responsible for the loss of adatoms/clusters by
their migration from the top of islands to their sides. The last term in Eqs. (2) and (3)
considers the reverse migration of adatoms/clusters from islands sides to their tops. The
last two terms in both equations enable the in-plane island growth because material is
not deposited on side of the island directly. The second term in Equation (3) emerges
due to coalescence of two arbitrary clusters into size j clusters. The island disintegration
(breakage) is not taken into account (irreversible aggregation limit).
Similar rate equations to Eqs. (2) and (3) must be considered for the free surface
of the substrate and for the sides of the islands. All six obtained equations are
interconnected through terms similar to the last two terms in Eqs. (2) and (3), which
describe possible migrations of adatoms shown in Figure5(e) by the arrows. However,
in the two equations for the side of the islands there are obviously no terms responsible
for the deposition of adatoms from the incident ﬂux.
Finally, we consider the rate equations for the in-plane growth
n
n

1    side
dL
side
Di + Djside ρside
=
(i + j) Ω
(5)
i ρj
dt
2 i=1 j=n+1−i
and the out-of-plane growth
n
n

ddf
1    top
top
Di + Djtop ρtop
=
i ρj (i + j) Ω +
dt
2 i=1 j=n+1−i
+ F Ω2/3 nρtop
n Ω ,

(6)

which are computed simultaneously with the six rate equations for the atom/claster
density. The details of this solution will be published elsewhere.
Figure 6 shows the ratio of the in-plane to out-of-plane growth rate dependence
on the PLD frequency and diﬀerent surface coverage obtained from Eqs. (5) and (6).
Initial conditions for the computations were deduced from the ﬁlm structures shown in
Figs. 1 and 2 and experimental details. Islands dimensions ratio and density are kept
constant independent of surface coverage. A model ﬁlm with 75% coverage consists of
rectangular islands having the size of 125 × 125 unit cells in-plane and 90 cells outof-plane with 20 unit cells gap between the neighbouring islands. These parameters
of the modelled islands match with the size of the smallest islands of ∼ 40 nm inplane and ∼ 20 nm out-of-plane in Figs. 1(c) and 2(b), and correspond to deposition
stage in Fig.5(e,f). A model ﬁlm with 40% coverage consists of rectangular islands
having the size of 90 × 90 unit cells in-plane and 65 cells out-of-plane with 55 unit cells
gap between the neighbouring islands. It corresponds to the earlier deposition stage
exhibited in Fig. 5(c,d). For each model ﬁlm the initial density of adatoms/clusters was
zero. Experimentally, it can be attributed to the deposition interrupted by switching
targets from Fe to Pt at a certain surface coverage. This interruption would allow all
adatom/cluster migration and adsorption processes to settle. The initial stage of the
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Figure 5. The schematic stages of the growth model proposed: (a,b) the very initial
stage of island nucleation after just a few laser shots with insigniﬁcant substrate
coverage with mostly 2D in-plane growth ,which is not considered in our computations;
(c,d) the intermediate stage with a low/medium coverage by a number of small islands
still growing mostly in-plane; (e,f) the late stage with a signiﬁcant coverage of the
substrate by the rectangular islands growing mostly out-of-plane, while the in-plane
growth occurs as a result of adatom/cluster migration to the sides of the islands [the
arrows in (e)]. Freshly deposited (hot) adatoms are shown in green, while the settled
adatoms are depicted in grey (a,c,e).

deposition (Fig. 5a,b) reﬂecting island nucleation is not considered in our computation.
This is because these two stages of nucleation and then growth rely on respectively
diﬀerent growth and nucleation physical processes involved.
The ﬂux F = 0.1 atoms per laser pulse per square cell with 30 nanosecond pulse
duration. The largest mobile cluster (n = 50 atoms) is assumed to travel the maximum
distance comparable to the lateral dimension of the largest island over the duration of
the deposition.
The computation has been done over the deposition frequency range from 1 to
100 Hz. This range covers not only frequencies used for deposition in this work, but
also partially covers frequencies of existing industrial high-rate pulsed laser deposition
systems [36]).
The ratio of the growth rates obviously evolves with the number of shots (laser
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Figure 6. The ratio of the in-plane to out-of-plane growth rate dependence (Rin/out )
on the PLD frequency at diﬀerent surface coverage calculated from the growth rate
equations Eqs. (5) and (6). The lines are guides to an eye.

pulses). At low frequencies, the ratio is only marginally larger upon increasing the
number of shots (Figure 6) for any surface coverage. Obviously, insuﬃcient material is
delivered to the substrate at low frequencies, hence the steady growth state does not
signiﬁcantly diﬀer from just a few shots a large number of shots. At higher frequencies,
the diﬀerence in the ratio notably increases with increasing number of shots. In this
case, due to the large amount of delivered material more shots is required to reach the
steady state. The in-plane growth is boosted by the amount of the delivered material,
and the ratio can even reverse its trend from decreasing with increasing frequency (after
4 shots) to increasing with increasing frequency (after 10 shots) for the case of 40%
surface coverage. This boost in the in-plane growth rate is due to a higher concentration
of clusters on the sides of islands with increasing number of shots. In the case of the low
surface coverage, the additional boosting factor is accumulation of clusters on the free
surface of substrate, which is so substantial that enables the reverse in the ratio trend.
After > 20 shots, the growth ratio reaches its certain equilibrium and does not
change signiﬁcantly, indicating that the steady growth state is reached over the entire
frequency range considered. It is this state, which is normally fulﬁlled during the
uninterrupted PLD process.
Note, the consideration above is applicable to the FePt ﬁlm deposition, which
requires the switching between Fe and Pt targets with the number of shots (34 for Fe
and 18 for Pt) being in the range considered in the model. Indeed, every interruption
required for the switching the target is assumed to facilitate the initial conditions of the
growth, which are adopted for the model calculation.
In general, the ratio in Figure 6 is always below unity, this means that in this island
geometry the growth is faster out-of-plane than in-plane. At the signiﬁcant (75%)
substrate coverage [Figure 5(e,f)], the in-plane growth becomes even slower, so that
slower depositions (low frequencies) would promote the in-plane growth, while faster
depositions (higher frequencies) would result in taller island-like architecture (which is
likely to eventually coalescence with a rough continuous surface morphology). Within
the experimental deposition frequency range, the ratio of the in-plane to the out-of-
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plane island growth rate drops by ∼20% [Fig. 6(a)] if the frequency of laser deposition
increases from 1 Hz to 6 Hz.
If the surface coverage is rather low (40%), the ratio decreases with increasing
frequency until  35 Hz and then increases at f > 40 Hz. In the experimental frequency
range (1 Hz to 6 Hz), the ratio of the in-plane to the out-of-plane island growth rate
decreases by ∼5% [Fig. 6(b)]. At low deposition frequencies re-evaporation plays an
important role decreasing adatom concentration. At this relatively low concentration,
the major factor of growth kinetics is insensitivity of the sides of the islands to incident
ﬂux (the same mechanism as at high coverage). At high deposition frequency, the
adatoms are mostly adsorbed by clusters and do not re-evaporate. In this case, the
growth kinetics is controlled by the ratio of the island surface to free substrate surface.
As soon as the number of shots is increased above a certain threshold the in-plane
growth is dramatically accelerated at f > 40 Hz, and the ratio starts increasing.
First of all, these results prove our assumption made on the basis of our experiment
that the deposition frequency eﬀectively aﬀects the ratio of the in-plane to out-of-plane
growth. Secondly, Fig. 6 demonstrates nontrivial behaviour of the ratio with frequency
at diﬀerent surface coverage. This result can be applied to any PVD system for the
particular conditions considered in this work, while Eqs. (2), (3), (5) and (6) can be
used to model architectures at a broad range of conditions.
5. Conclusion
In this work, FePt thin ﬁlms have been fabricated by pulsed laser deposition. The
structure of the ﬁlms has eﬀectively been controlled by the PLD frequency variation.
Dramatic improvement (from the point of view of magnetic properties) of the in-plane
ﬁlm structure has been achieved for the ﬁlms with a constant thickness by increasing
the frequency. These structural changes contradict to the growth patterns and their
models reported in the literature. We have proposed a new model to explain this
behaviour. The new model considers the speciﬁc geometry of the ﬁlm islands: for a
substantial ﬁlm coverage, the islands are considered to have rectangular cross-sections
with identiﬁable out-of-plane oriented sidewalls parallel to the incident ablated material.
This governs a slower in-plane growth compared to the out-of-plane growth. The model
proposed provides quantitative agreement with the experimental results. The in-plane
growth rate has been shown to decrease with increasing frequency, leading to the smaller
individual islands at a certain thickness. Obviously, by increasing the laser frequency
islands are prevented from impingement for certain thicknesses with the neighbouring
islands proportionally to the slower in-plane growth rate.
The eﬀective manipulation of the structural changes and its quantitative description
oﬀer a promising tool in tuning thin ﬁlm physical properties important for applications.
By the 6-fold variation of the frequency (from 1 Hz to 6 Hz), we obtained the 20-fold
variation in the coercive ﬁeld (from 0.2 T to 4.6 T at room temperature, respectively) in
the FePt thin ﬁlm in spite of the relatively low vacuum used in our deposition chamber.
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There are a number of ways to further improve structure and properties of our ﬁlms.
First of all, the deposition of FePt ﬁlms on the MgO substrates (instead of STO) should
decrease typical size of island. Obtaining higher vacuum during PLD should even further
increase the coercive ﬁeld for high-performance ﬁlms. Moreover, the deposition density
of the islands at early deposition stages is proportional to the ratio of the material ﬂux to
its diﬀusion ∝ (F/D)χ [5], both can be controlled by the deposition parameters. Hence,
increasing the island density at the early stages and preventing them from impingement
and coalescence at later stages can signiﬁcantly improve the island ﬁlm performance for
various applications.
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